Since the potential of near infrared (NIR) spectroscopy for forage evaluation was discovered three decades ago, it has become clear that it is a powerful tool for the estimation of chemical components in these feed-stuffs. In addition, it has been successfully applied for the estimation of digestibility and degradability parameters, thus facilitating livestock ration formulation. The present review deals with the main reference methods that have been used in order to achieve proper calibration of NIR spectroscopy. Special attention will be focused on the weak points of these procedures with the intention of increasing NIR spectroscopy potential in this area.
Introduction
The nutritive value of a forage depends not only on its chemical composition, but also on its digestive utilisation. 1 This is the reason why ruminant feeding systems [2] [3] [4] require information about all these characteristics in order to assess the nutrient supply to the animal. 5 In vivo experiments would be necessary to determine the nutritive characteristics of forages. However, these trials cannot describe the dynamics of nutrient supply. Moreover, they are so expensive, laborious and time consuming that a great variety of alternative methods have been developed in order to simplify the evaluation of feed-stuffs. Some of these procedures try to reproduce in vitro the digestive procedure that takes place along the whole digestive tract of the animal. [6] [7] [8] On the other hand, some other techniques were designed to study what happens in the rumen either by using nylon, dacron or polyester bags, 9 laboratory apparatus like the Rusitec, 10 or gas measurements. 11 Nevertheless, all these procedures are still very expensive, laborious methods and most of them require rumen fi stulated animals as inocula donors. In this sense, animal welfare considerations must be a main guideline in any research project so, if it were possible, it would be desirable to minimise the requirements of rumen liquid or the animal itself.
As a consequence, since Norris et al. 12 described in 1976 the potential of near infrared (NIR) reflectance spectroscopy in forage evaluation, there have been many attempts at estimating the chemical composition of a wide variety of feed stuffs. [13] [14] [15] [16] [17] NIR spectroscopy has been so successful in this area that it has been recognised by the AOAC as an offi cial method of analysis of dry matter (DM), crude protein (CP) and acid detergent fi bre (ADF) in forages. [18] [19] [20] [21] Regarding human nutrition, NIR spectroscopy satisfi es the accuracy requirements demanded by the Food and Drug Administration (FDA) to estimate the total dietary fi bre and protein content in cereals. 22, 23 Moreover, some researchers have found evidence to defend the potential of NIR spectroscopy to estimate parameters related with the digestive utilisation of forages. This greatly facilitates livestock ration formulation, since methods to directly measure kinetics of digestion are too costly and slow for routine uses. 24 NIR spectroscopy can be promoted today by nutritionist and forage breeders as the only technique that allows the large-scale processing of samples and timely decisions on formulation of livestock diets required to sustain milk or meat production or to improve forage quality. 25 The present review will try to summarise all the most important challenges facing near infrared spectroscopy in forage nutritive evaluation during the last three decades, paying special attention to the diffi culties related to the reference methods in order to extract useful conclusions for the future. However, it has to be considered that the success of NIR spectroscopy in forage evaluation sowed the seeds of its own demise in that it led many laboratories to abandon the reference methods vital to its successful calibration. Specialised equipment, surgically modified animals and numerous technician practical skills have been lost since the advent of NIR spectroscopy forage evaluation. This makes it diffi cult to promote future progress in the fi eld.
Defi nition of nutritive value
The potential of feed-stuffs to supply nutrients can be measured by chemical analysis, but the real biological value for the animals can only be known after taking into account the losses during the digestion, absorption and metabolism processes. Therefore, the nutritive value of the forage feeds depends on the proportion of digested nutrients and on their effi ciency of utilisation on different metabolic activities, 1 so only the content of useful nutrients per unit mass is considered. In other words, the nutritive value of a feed-stuff is a relative measurement which does not take into account the voluntary intake of the animal. 26, 27 Anyway, both factors are interrelated as judged by the infl uence of the digestibility on voluntary intake. 28 This is the reason why digestibility will be the main scope of the present review.
Prediction of digestibility
As stated previously, the determination of digestibility by using in vivo procedures is not always possible, as judged by the quantity of forage, time and work that would be necessary to perform these assays. Consequently, different procedures have been developed over the years in order to predict this parameter. The most important are mentioned below.
Chemical composition
The organic matter digestibility of the forages depends on the cell wall content and its digestibility, which decreases with increasing cell wall lignifi cation. 29, 30 However, not only the lignin content, but also the different degree of association to the hemicellulose infl uences the digestibility of the cell wall fraction. 30, 31 For this reason, the cell wall content is not a good variable to estimate digestibility and voluntary intake in forages treated with an alkali, where the bonds between the lignin and structural carbohydrates have been broken. 32, 33 Moreover, silica and tannin content or Maillard reactions are also factors that negatively affect the digestibility of forages. As a result, although the chemical data of the forages allows estimation of their digestibility, 34 the percentage of variance explained is not as high as would be expected (Table 1 ).
In vitro procedures
Conversely, the in vitro procedures try to emulate the digestive process in the laboratory. The Tilley & Terry 7 and Goering & Van Soest 8 procedures are the most common techniques. However, some laboratories have preferred to apply cellulase enzymatic procedures such as that described by Jones and Hayward, 6 thus avoiding the variability introduced by rumen fl uid. All these procedures present their own disadvantages, which will be discussed later on. In spite of this, some studies have shown that these end-point measurements allow accurate predictions of the in vivo digestibility ( Table 1 ). In addition the in vitro data are easier to obtain and they constitute a relative evaluation by themselves, so they allow selection or classifi cation of different varieties of plants and stages of growth.
In situ method
However, not all the techniques examine the whole digestive process ( Table 2) . Actually, regarding ruminant nutrition it is essential to have accurate information about the rumen degradability of the different constituents and their kinetics of degradation, judging by the infl uence of these factors on the voluntary intake of forages. [35] [36] [37] At this point, the in situ method has been considered as the reference procedure 5, 38 and, as a matter of fact, it has been demonstrated that it can produce results most similar to the in vivo data, [39] [40] [41] maybe because it takes place under biological conditions, that is to say, inside the rumen. 42 Nonetheless, this technique is not free of limitations that affect its accuracy. This will also be discussed later on.
With regard to forage degradability, the in situ procedure is still a very laborious and expensive procedure to be applied under routine operation. Consequently, it has been necessary to fi nd simpler techniques to obtain degradation kinetics of forages, such as the in vitro gas production technique. 42 
Gas production
The in vitro gas production technique 43, 44 allows the estimation of the rate and extent of degradation in one sample by time series measurements of the accumulating gas volumes. 40 However, it must be pointed out that the correlation with the in situ degradability data depends on the chemical composition of the forage, since the gas production is mainly a result of the fermentation of carbohydrates and, to a lesser extent, of the CP fraction. Consequently, large differences in the CP of samples may bias the fermentation results. 43
Near infrared spectroscopy
In this context of different nutritive evaluation procedures, NIR spectroscopy offers a simple and reliable way of enable routine measurement. NIR spectroscopy is a 104 Whole secondary method that requires calibration to some primary reference method by using a calibration set of typical specimens representative of all future unknown samples. This means that the variability we are likely to encounter in future samples must be represented in the calibration set. 45 Otherwise, NIR spectroscopy prediction equations will not be accurate.
In addition, as a secondary procedure, NIR spectroscopy is not independent of the disadvantages arising from the reference method used for calibration. This fact is even more important where reference values of different laboratories are combined to produce "global" equations. 46 Therefore, as set out below, the reference method must be carefully chosen depending on the particular needs in each case.
Other factors affecting NIR spectroscopic predictability are non-homogeneity of sample presentation, non-linearity of Beer's law relationship or instrument noise. An excellent overview of these problems can be found in Workman. 47 Prediction of in vivo digestibility by NIR spectroscopy One of the main advantages offered by NIR spectroscopy is that it provides, in a few seconds, a fi ngerprint of the whole sample. For example, the wavelengths between 1650-1670 nm and 2260-2280 nm cause different forms of vibrations of the C-H bonds in lignin and cellulose, chemical components highly related to the in vivo digestibility of forage. 12, [48] [49] [50] [51] [52] [53] [54] [55] [56] However, the NIR spectra also contain information about other important characteristics for the estimation of digestibility.
In this sense, the NIR spectra can also collect information about the degree of association between the different constituents in forage. This is the reason why Guzmán et al. 57 described that NIR spectra explain a higher proportion of variability related to the digestibility in ammonia treated cereal straw than chemical composition data. Moreover, the more fi brous the sample, the coarser are the particles recovered after grinding, and this physical factor can be refl ected in the NIR spectra as well. 58, 59 As a result, other authors have also shown that the ability of this technology to predict the in vivo digestibility of different kinds of forages is similar or better than that observed with most traditional procedures such as chemical composition or in vitro techniques (Table  1) . Consequently, NIR spectroscopy has been proposed in the UK as a valid procedure to estimate in vivo organic matter digestibility in grass silage. 52 With the intention of increasing the potential of NIR spectroscopy in this area, 60 it was proposed that an international database of NIR spectra of forages evaluated by a standardised reference method for the organic matter digestibility should be developed. In this sense, although in vivo assay may be considered the gold standard for forage evaluation, it is performed on too few samples at any one laboratory. Furthermore, combining such in vivo data from several centres risks inclusion of lab-specifi c biases and unknown sources of error that may arise operationally at different centres. 53 Prediction of in vitro digestibility by NIR spectroscopy Therefore, the in vitro procedures offer a good alternative to have a greater number of samples evaluated by a reference method. It has been demonstrated that in vitro digestibility measured by any of these procedures can be predicted by NIR spectroscopy with a high degree of accuracy (Table  3) . However, as far as the reference method is concerned, it seems more convenient to use the in vitro Goering and Van Soest 8 assay for NIR spectroscopy calibration. 58 There are two main reasons to guarantee this fact. First, although the Goering and Van Soest procedure is performed with rumen fl uid, the subsequent extraction with the neutral detergent removes bacterial cell walls and other endogenous products that could negatively infl uence the prediction of DM digestibility (DMD) by NIR spectroscopy. This fact, together with the shorter time required (48 h vs 96 h with Tilley and Terry 7 assay), indicates the convenience of the use of this method as a reference procedure to perform NIR calibrations to predict the in vitro DMD of forages. Using NIR spectroscopy in this way would be very helpful to select plants with a higher nutritive value in plant breeding. [61] [62] [63] [64] However, the varieties selected by NIR spectroscopy should be analysed by the reference procedure to avoid possible bias in the data. 65 Prediction of in situ degradability by NIR spectroscopy Nevertheless, as stated previously, the estimation of these end-point measurements does not provide information about digestion kinetics, so NIR spectroscopy has also been applied to the prediction of parameters obtained with other reference methods, such as the in situ procedure. Different studies have shown that it is possible to have accurate estimations of the potential or effective degradability of different constituents of the forages (Tables 4 and 5 ), in some cases with higher accuracy than using other predictors such as chemical data ( Table 2 ). This predictability is partially due to the absorbance of the forage samples near to 1430-1630 nm and 2020-2230 nm, which is related to sugar, cellulose and starch degraded by the microorganisms in the rumen. 50, 66 With regards to the crude protein content, Waters and Givens 67 observed that the fraction that is rapidly washed out of the bag (a) and the insoluble but potentially degradable fraction which is degraded by the micro-organisms according to fi rst order kinetics (b) of forages could be explained by the absorbance at wavelengths close to 2050-2190 nm and 2212-2342 nm, respectively. On the other hand, the lag time (L) or fractional rate of degradation (c) cannot be predicted so well by NIR spectroscopy. 67, [68] [69] [70] [71] [72] [73] [74] The low degree of precision of the nylon bag technique at early incubation times due to the differences in rumen liquid of the animals seems to have a negative infl uence on the estimation of these parameters by the reference method and subsequent prediction using NIR spectra. 68 These two parameters also can be seriously affected by grinding the samples. In this sense, a recent study carried out by Soldado et al. 69 demonstrated that NIR spectroscopy could successfully predict the degradability parameters in unground feedstuffs.
Moreover, some studies have shown that NIR spectroscopic predictability is high enough to estimate degradable and non-degradable crude protein in different soybean and forages. 24, [75] [76] [77] [78] Nevertheless, the accuracy of prediction is lower than for dry matter, mainly due to the microbial contamination of the incubation residues. 74, [79] [80] [81] [82] Regarding this fact, there have been some successful attempts at estimating this source of contamination by NIR spectroscopy to correct it. 77, 83, 84 The in situ procedure has many other limitations affecting its accuracy. 5, 85 Some of them are the proportion of particulate matter which escapes from the nylon bag as a physical loss, the small number of samples that can be introduced inside the animal or the variability among different animals used to perform the incubations. 86 Prediction of in vitro gas production parameters using NIR spectroscopy In attempts to avoid the main disadvantages of the in situ procedure, the in vitro gas production technique has been extensively used mainly during the last two decades. 11, 43, 44 This procedure also provides information on fermentation kinetics, which can be incorporated into integrated compartmental models in order to predict events in the rumen. 87 However, it is more reproducible, less animal dependent and can be automated, 88 thereby considerably reducing labour needs vs in situ methods. These are some of the reasons why this is an interesting method in order to get proper NIR spectroscopy calibrations for nutritive evaluation of feed stuffs. 53 In this sense, there are some studies trying to estimate in vitro gas production using NIR spectra as independent variables, although the predictability shown by NIR spectroscopy was not the same in all these studies. For example, Herrero et al. 89 found low coeffi cients of determination either for gas volumes or kinetic parameters in kikuyu grass samples. In a later study, Herrero et al. 90 considerably improved the prediction of gas volumes at all incubation times by using a spectrally structured sample population for calibration. Yet, in this study, the gas kinetic parameters estimated using various exponential models could not be calibrated and validated using NIR spectra. According to these authors, the exponential nature of the model used to adjust the gas volumes prevented a good fi t by the NIR calibration equations, which are all multivariate and linear. On the contrary, Lovett et al. 91 reported an acceptable prediction (R 2 = 0.60 to 0.80) of kinetics : standard error of cross validation (%) 
Andrés et al. 68 Botanically 92 for botanically complex herbage samples was extremely good (R 2 = 0.94 for fractional rate of fermentation). The discrepancies in all of these studies may be attributed to the variation in reference values caused by the different feeds used in each case. In fact, Herrero and Jessop 93 observed that all gas volumes were more accurately predicted using NIR spectroscopy when the range of values was extended by using more forages. Moreover, it is interesting to point out that Herrero and Jessop 93 described that the main regions in the NIR spectra that related to the gas production data (1664-1696 nm) are those explaining lignin and cellulose content and, hence, the in vivo dry matter digestibility.
Prediction of metabolisable energy content by NIR spectroscopy
Ruminant energy metabolism is conceptualised in the partitioning of feed gross energy (GE) into energy lost in faeces (FE), urine (UE) and methane (CH 4 E) so that the metabolisable energy (ME) remaining is the energy used in maintenance and production of milk or meat. GE in feed, faeces and urine solids are physical measurements that can be made with great precision by combustion in an adiabatic bomb calorimeter, while energy loss as methane requires whole animal calorimetry in gas-tight compartments. Few laboratories have such facilities, manpower and instruments for gas analysis. Thus, while in vivo ME can be measured with precision, it is economically impractical to conduct on many animals and on many diverse forages in order to perform NIR calibration for in vivo ME. For this reason, forage evaluation (especially in Europe) is mostly preoccupied with the determination of digestibility. Digestibility can be expressed as dry matter digestibility (DMD), organic mat-ter digestibility (OMD) or, in the UK, as digestible organic matter contained in the dry matter (DOMD or 'D' value) -all of which are subtly but importantly different. Knowledge of the digestibility of the organic matter then permits simple scaling into units of ME by adopting an assumed constant energy value (16 MJ kg -1 DM) for the organic matter actually digested: ME (MJ kg -1 DM) = DOMD (g kg -1 DM) × 0.016
As far as NIR is concerned, NIR spectroscopy has been used successfully for the direct estimation of ME content of forages, judging by the high correlation existing between this parameter and the chemical constituents that absorb radiation at different wavelengths. [94] [95] [96] [97] [98] However, in light of the difficulties described beforehand the Agricultural Development and Advisory Service (ADAS) in the UK is recommending for silage evaluation a procedure involving the three stages below: 99, 100 (1) prediction of organic matter digestibility (OMD) from NIR spectroscopy data;
(2) conversion of OMD to DOMD (digestibility of OM in oven dried matter) using ash values, and then correction to true DM basis (DOMDc) to take account of the volatile constituents of the silage which are lost in oven drying;
(3) use the equation ME (MJ kg -1 DM) = DOMD (g kg -1 DM) × 0.016.
Although this procedure has to deal with the problems derived from standardising NIR spectroscopic procedure and then using two subsequent regressions, it still remains the most precise of the available methods. 100 Also, it must be noted that Agnew and Park 101 working with grass silage could estimate DOMDc directly from NIR spectra (R 2 = 0.83-0.86; SE CV = 21.8-23.9 g kg -1 alcohol corrected toluene DM). This last method would simplify the estimation of ME value because it would avoid the lab procedures regarding stage 2.
Conclusions
The Goering and Van Soest procedure seems to be a suitable in vitro procedure to calibrate NIR spectroscopy, since this assay allows the evaluation of a high number of samples in a relatively short period of time avoiding, at the same time, microbial contamination of the incubation residues.
If fermentation dynamic parameters were still required, it would be better if the gas production technique was used as the reference procedure rather than the in situ method, since the fi rst is more reproducible. The incubation of standard samples in each batch would further improve this aspect.
As far as ME is concerned, it seems more convenient using NIR spectroscopy to estimate OMD, a value that subsequently can be transformed into ME by fi tting opportune regressions.
Also, the success will depend on the kind of forage analysed, as it is necessary to have a wide range in the reference values to maximise NIR spectroscopy predictability. Different aspects related to the NIR spectroscopy process also affect its ability of prediction; however these factors are beyond the objectives of the present discussion.
